We have investigated the thermoelectric properties of alloys of composition CoSi 1−x Ge x for 0 Յ x Յ 0.5. These alloys display Seebeck coefficient in the range of Ϫ80 to −100 V K −1 at room temperature. Despite the rather high Seebeck coefficients, the electrical resistivity of these alloys is metallic in nature. Alloying on the Ge site strongly reduces the lattice thermal conductivity. The combination of high Seebeck coefficient and metallic resistivity leads to very high thermoelectric power factor in these alloys, with the best sample exhibiting a power factor higher than that of state of the art bismuth telluride-based thermoelectric alloys at room temperature.
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One area of great current interest in materials science is the development of thermoelectric materials with enhanced efficiency. These materials are capable of converting heat ͑such as that from an active source like the sun or waste heat from an industrial process͒ to electricity. Their use can offer an increase in energy efficiency for industrial processes as well as provide additional sources of useful electrical energy. Alternatively, when energized with electrical current, thermoelectric materials act as solid state heat pumps via the Peltier effect. The conversion efficiency for these processes is determined by the thermoelectric figure of merit Z of the material, given by the equation Z = ␣ 2 / , where ␣ is the Seebeck coefficient, is the electrical conductivity, and is the thermal conductivity. The "electronic" part of Z, ␣ 2 , is called the thermoelectric power factor P. Since the dimensions of Z are inverse temperature, it is convenient to define the dimensionless figure of merit ZT where T is the absolute temperature. For many years the best thermoelectric materials, typified by heavily doped semiconductor compounds and alloys such as Bi 2 Te 3 , PbTe, and Si-Ge, possessed values of ZT not exceeding unity.
The mathematical structure of the figure of merit Z suggests two distinct approaches to increasing the figure of merit and these are as follows: ͑1͒ thermal conductivity reduction and ͑2͒ power factor enhancement. Indeed, some of the most useful methods for producing high Z in semiconductors have employed thermal conductivity reduction techniques such as alloy scattering, 1 "phonon glass electron crystal" approaches, 2, 3 and very recently, the introduction of nanostructure to reduce the phonon mean free path. [4] [5] [6] It is unlikely, however, that the figure of merit can be increased arbitrarily by reducing the thermal conductivity, since virtually all solids obey the so-called "minimum thermal conductivity" concept in which the phonon mean free path cannot be reduced below the interatomic spacing. 7, 8 This strongly suggests that materials systems in which the power factor is enhanced should be sought in order to increase Z further. A large thermoelectric power factor can be achieved in materials that exhibit simultaneously both high conductivity and high Seebeck coefficient. This condition is an example of a set of "contraindicated" properties, that is, the concomitant occurrence of properties of a material, which would not normally be expected. The Seebeck coefficient can be controlled by altering the energy dependence of the density of states N͑E͒. This, of course, has been pointed out previously, principally by Mahan and Sofo 9 and Hicks and Dresselhaus, 10 and in fact is the basis for the predicted enhanced figure of merit in quantum-confined structures, the density of states functions for which exhibit sharp discontinuities as a function of energy. While the results for enhanced thermoelectric figure of merit in quantum-confined systems 11 are exciting, such structures may be of limited use due to difficulties in manufacturability. It is desirable, therefore, to search for bulk materials that exhibit similar behavior. One group of materials that possesses this potential are alloys between transition metals and main group elements in which there exists a hybridization between the partially filled d-bands of the former with the ͑s , p͒-bands of the latter. This hybridization can lead to two types of structures in the electron density of states:
12 ͑a͒ a true "hybridization gap" such as occurs in RuAl 2 or ͑b͒ a deep well, or "pseudogap," right at or very close to the Fermi level E F , as occurs in, for example Fe 2 VAl. In either case, the sharp structure in N͑E͒ near the Fermi level will give rise to very unusual thermal and electronic transport, most notably large Seebeck coefficients and semiconductor-or semimetal-like resistivity.
A similar structure in the density of states has been calculated for the intermetallic alloys system CoSi.
13,14 These cubic-structure alloys have recently been shown to exhibit large Seebeck coefficients when doped with aluminum 15 or boron, 16 or under substitution of up to 15 at. % germanium for silicon. 16, 17 In this letter we expand the study of CoSi 1−x Ge x to higher Ge concentrations and show that these alloys display thermoelectric power factors comparable to and in excess of common thermoelectrics such as Bi 2 Te 3 , PbTe, and skutterudites, out to at least x = 0.4, as a result of their unusual electronic density of states.
Alloys of composition CoSi 1−x Ge x were fabricated by arc melting stoichiometric quantities of the constituents un- der flowing argon gas on a copper hearth. The hearth was not water cooled to prevent the development of harsh thermal gradients, which were found to cause cracking and shattering of the alloys in previous attempts. Each sample was remelted five times to encourage homogeneity. The alloys were then sealed in a quartz ampoule under vacuum and annealed at 900°C for 1 week. A section of each sample was then pulverized and x-ray diffraction analysis was conducted on the powders using Cu K␣ radiation. The remainder of each sample was sectioned into rectangular parallelepiped shapes of approximately 2 ϫ 2 ϫ 5 mm 3 for thermal and electrical transport measurements.
Thermoelectric properties were measured from 80 to 300 K under vacuum using a steady state technique in a continuous flow cryostat with liquid nitrogen as the refrigerant. Copper-constantan thermocouples were soldered directly to the sample along its length and were used to measure temperature along the sample. Silver-based epoxy was used to fix one end of the sample to a copper block and the other to an 800 ⍀ metal film resistor, which served as a heater. Electrical resistivity was measured by passing current through the sample through thin copper leads and recording the voltage developed between the copper leads of the thermocouples. These copper leads were also used to measure the Seebeck voltage with the heater energized. The heater power, sample dimensions, and temperature difference between the thermocouples were used to calculate thermal conductivity. We estimate an uncertainty of Ϯ10% in the transport property measurements.
While Kuo et al. 17 studied CoSi 1−x Ge x with x Ͻ 0.15, Wald and Michalik 18 earlier showed that up to 67% Ge may be substituted for Si in CoSi while maintaining the B20 cubic structure. For this reason we have synthesized samples with x = 0, 0.025, 0.05, 0.1, 0.3, 0.4, and 0.5. Analysis of our x-ray diffraction results shows that each sample that had been annealed possessed the expected cubic B20 crystal structure 19 with no evidence of the presence of impurity phases. The calculated lattice parameters increased with increasing Ge content as expected ͑see Fig. 1͒ . It should be noted that the lattice parameters calculated in the present study for the annealed samples are in good agreement with those found by Wald and Michalik 18 and are substantially larger than those calculated in the study by Kuo et al., 17 suggesting that a significantly smaller amount of Ge was incorporated into the CoSi lattice in that study. We did find ͑Fig. 1͒ that prior to annealing in several of the samples the lattice constant fell below that found by Wald and Michalik, 18 even though no impurity phases could be detected in the x-ray scans. It was thus concluded that the annealing process is necessary for achieving single phase samples with maximum Ge substitution for Si. Figures 2 and 3 show results for the electrical resistivity and Seebeck coefficient, respectively, for our samples. All samples show a positive temperature coefficient of resistivity, with the magnitude of the resistivity dropping strongly with increasing Ge content up through x = 0.4. The x = 0.5 sample has a much higher resistivity. This sample is close to the solubility limit of Ge in CoSi and we speculate that there may be significant lattice strain that increases charge carrier scattering. Meanwhile, the Seebeck coefficient is in the range from Ϫ80 to −100 V K −1 with no clear Ge concentration dependence. While Ge is isoelectronic with Si, the bands may not behave rigidly and Ge substitution may induce a shift in the Fermi level closer to a peak or valley in the density of states, or a narrowing of the pseudogap leading to higher conductivity. The resulting thermoelectric power factor of these samples is shown in Fig. 4 ; we see that it rises to values close to 6 ϫ 10 −3 W m −1 K −2 ͑60 W cm −1 K −2 ͒, about 50% larger than the typical power factor for state of the art Bi 2 Te 3 thermoelectric material at room temperature. 20 Alloys all the way out to x = 0.4 display power factors greater than 3 ϫ 10 −3 W m −1 K −2 . In summary, we have measured the thermoelectric properties of CoSi 1−x Ge x alloys for 0 Յ x Յ 0.5 and have shown that these materials can exhibit the contraindicated combination of large Seebeck coefficient and high electrical conductivity, leading to very large thermoelectric power factor. This behavior is thought to arise from the proximity of the Fermi level to a sharp peak or well in the density of states. Substitution of Ge for Si also results in a strong decrease in lattice thermal conductivity. The results suggest that enhanced thermoelectric properties can be induced in intermetallic alloys with sharp hybridization-induced structure in their electronic density of states. 
